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ABSTRACT

Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2), the etiological agent of Coronavirus Diseases 2019
(COVID-19), triggers an adaptive immunity in the infected host that results in the production of virus-specific antibodies
and T cells. Although kinetic and quantitative aspects of antibodies have been analyzed in large patient cohorts, similar in-
formation about SARS-CoV-2-specific T cells are scarce. We summarize the available knowledge of quantitative and tempo-
ral features of the SARS-CoV-2 T-cell response in this review. Currently, most of the data are derived only from the analysis
of the circulatory compartment. Despite this limitation, early appearance, multi-specificity and functionality of SARS-CoV-
2-specific T cells are associated with accelerated viral clearance and with protection from severe COVID-19.
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T and B cells act together to resolve viral infections but are per-
forming nonredundant functions: B cells produce antibodies
that recognize directly viral proteins and can prevent virus in-
fection of the targeted cells. T cells instead recognize viral pro-
teins not directly but only in association with Major
Histocompatibility Complex (MHC)-classes I and II molecules
displayed on the surface of the cells. MHC-class I molecules are
displayed in variable quantities at the surface of all nucleated
cells of the body, and they present viral proteins that are syn-
thesized within the cells. Consequently, T cells recognizing
MHC-class I molecules complexed with viral peptides (CD8" cy-
totoxic T cells) target specifically the cells where viruses are rep-
licating. Through direct lysis of virus-infected cells or through
the secretion of antiviral cytokines (mainly IFN-vy), CD8 T cells

are involved in the direct suppression of viral production and in
the containment of infection. The T cells recognizing viral pro-
teins associated with MHC-class II (CD4+ helper T cells) perform
a different task. MHC-class II is expressed principally only by
professional antigen presenting cells (dendritic cells, mono-
cytes, macrophages), which are not infected but present viral
antigen that has been taken up from the surrounding environ-
ment. T-helper cells (or CD4 T cells), by recognizing viral antigen
presented by the professional antigen-presenting cells, produce
diverse cytokines (IL-2, IL-21, Interferon (IFN)-y, Tumor
Necrosis Factor (TNF)-alpha) essentially supporting the expan-
sion and the maturation of CD8 T and B cells.

Despite the importance of such coordinated involvement of
T and B cells in prevention and clearance of viral infections, we

Submitted: 27 December 2020. Received (in revised form): 10 February 2021. Accepted: 17 February 2021

© The Author(s) 2021. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-2942-0485
https://academic.oup.com/
https://academic.oup.com/

2 | Oxford Open Immunology, 2021, Vol. 0, No. 0

know that different viruses can preferentially require diverse
contributions of the distinct components of adaptive immunity.
For example, protection from highly direct cytopathic viruses
requires a particularly efficient antibody response that limits in-
fection of target cells. In contrast, low or nondirectly cytopathic
viruses are better controlled by cytotoxic T cells [1].

Such distinction is still not established in human coronavi-
rus infections but data in animal models support the role of
T cells in viral protection. For example, mice are protected
from mouse adapted SARS-CoV infection by CD4 T cells and by
production of IFN-y [2,3]. In a similar model, it was also shown
that clearance of SARS-CoV infection was dependent on the ex-
pansion of an early and robust virus-specific CD8 T-cell re-
sponse [4]. More importantly, protective studies performed in
rhesus macaques challenged with SARS-CoV-2 demonstrated
that CD8 T cells play an essential role in the control of infection
in animals that have sub-optimal levels of neutralizing antibod-
ies [5]. Furthermore, prospective studies in humans are starting
to reveal the importance of SARS-CoV-2 T cells in disease
protection [6].

In this review, we will discuss, based on the currently avail-
able knowledge, quantitative and kinetic parameters of
SARS-CoV-2 T cells. Other recent reviews and commentaries
have already discussed aspects of SARS-CoV-2 T cells related to
protection, phenotype and knowledge gap [7-9]. We hope that a
summary of the quantitative and kinetic aspects of the SARS-
CoV-2-specific cellular immune response might provide a solid
reference for future study design to better define the role of
SARS-CoV-2 T cells in human infection and vaccination.

CHARACTERIZATION OF SARS-COV-2 T CELLS
IN HUMANS: THE LIMITATIONS

The first studies of immune cellular parameters in patients
with COVID-19 reported marked lymphopenia [10, 11], signs of
T-cell activation and cytokine production impairment on total T
cells [12-14]. These initial studies investigating the activation
levels and functional profile of total T cells were then followed
by the characterization of the real players, T cells specific for
the different proteins of SARS-CoV-2. Within a few months of
the start of the pandemic, several groups showed that individu-
als infected by SARS-CoV-2 do not only produce antibodies but
possess SARS-CoV-2-specific CD4 and CD8 T cells. The first
studies were done in COVID-19 convalescents [15-23] immedi-
ately followed by characterization of individuals after asymp-
tomatic infection [24]. Importantly, most of these studies also
reported the presence of SARS-CoV-2-specific T cells in variable
frequencies in unexposed healthy individuals [15-18, 25].

Before discussing the kinetic and quantitative aspects of
SARS-CoV-2-specific T cells, we need to point out some inherent
limitations of these studies in humans. The first one is that
SARS-CoV-2 T cells in humans have so far only been analyzed
in peripheral blood but studies in animal models showed that
virus-specific T cells are preferentially recruited into the respi-
ratory tract [2, 4].

Circulating T cells detected in the blood therefore are the
fraction of the total pool of SARS-CoV-2 T cells present in an
infected patient. The numerical value of such fraction is un-
known, it is unlikely to be a fixed ratio but it will be dependent
on the degree of inflammatory processes present in the respira-
tory tract. As the surface area of the respiratory tract is large
(~145 m?), it is likely that a very large quantity of T cells is
trapped there during infection, particularly in patients with

severe disease. This could also explain the marked general lym-
phopenia detected in their peripheral blood [10, 23]. Of note, in
severe influenza a specific enrichment of influenza-specific T
cells in the lung (~45 times more than blood) was reported [26].
Furthermore, functional differences between the virus-specific
T cells resident in different anatomical sites were also reported
in animal studies [2]. CD4 T cells present in the airway produce
more cytokines than the other parenchymal or vascular T cells
and their ability to produce concomitantly IFN-y and IL-10
appears to be required for optimal protection [2].

Limitations are also introduced by the methods used for T
cell analysis.

T-cell analysis with MHC-class I or II multimers is precise
and do not require the functionality of the T cells, but a more
limited T-cell repertoire is detectable in comparison to the use
of an unbiased peptide library. For example, SARS-CoV-2-
specific T-cell analysis performed with a large library of MHC-
class I multimers detected some SARS-CoV-2-specific CD8 T
cells (27a), but robust frequencies were detected only after
in vitro enrichment [27b, 28]. Direct visualization of T cells with
MHC-tetramers also allows in studying their possible ‘func-
tional phenotype’ like the expression of exhaustion/inhibitory
markers (PD-1, TIM-3, CTLA-4). However, the significance of the
expression of these markers during acute viral infection corre-
lates more with the activation status than with functional ex-
haustion [29].

The number of epitopes visualized in individual patients by
MHC-tetramers complexed with peptides selected by epitope
predictive algorithms is low (2-3 epitopes) [27b] in comparison
to what was detected with assays based on the use of peptide li-
braries (10-15 different pools positive) [15, 21] or by minigenes
expressing viral antigens [30] (~3 epitopes for each MHC-class
I). However, for their detection, T cells must be functionally effi-
cient and produce cytokines or proliferate or express activation
markers and there is an accumulating evidence showing a de-
gree of reduced production of cytokines (particularly IFN-y) in
SARS-CoV-2 T cells of symptomatic COVID-19 patients [20, 31].
The data are still preliminary, and a full functional T cell ex-
haustion of SARS-CoV-2 T cells has not been demonstrated [29].
Nevertheless, T cells of symptomatic patients secrete lower lev-
els of IFN-y than the ones of individuals with asymptomatic in-
fection [31]. This could be one of the reasons why analysis of T
cells with ‘activation induced markers (AIM)’, namely, CD40L,
0X40 and CD69 detect more SARS-CoV-2 T cells than the meth-
ods based on IFN-y production (intracellular cytokine staining
and ELISpot). One the other hand, it is important to mention
that detection of SARS-CoV-2-specific T cells utilizing AIM ex-
pression obtained after 24 h of peptide stimulation has the po-
tential to induce bystander T-cell activation which might inflate
the number of T cells detected.

Which specific functional assays might provide T-cell quan-
tifications that correlate more with their potential protective
ability is still unknown, but certainly worth future evaluation.
In HIV infection, for example, it is only the number of T cells
producing high levels of cytokines that correlate with viral pro-
tection [32].

In addition, performing a comprehensive analysis of the full
repertoire of T cells against the whole SARS-CoV-2 proteome is
challenging. The full proteome of SARS-CoV-2 is large, about 10
000 amino acids. Antibodies have protective ability when target-
ing the antigen located on the surface of the virus and particu-
larly the region binding to the ACE2 receptors [33, 34]. In
contrast, understanding the protective ability of different T cells
is complex and not necessarily correlated with their quantity. T



cells can be specific for all the distinct viral proteins produced
within an infected cell. The endogenous synthesized viral pro-
teins are processed and presented as epitopes which can elicit
protective T cells irrespective to their quantitative expression
[35, 36]. Furthermore, only few studies with a limited number of
COVID-19-recovered patients have performed a comprehensive
analysis of virus-specific T cells to the full SARS-CoV-2 prote-
ome with peptide libraries [15, 21] or with minigenes expressing
antigens [30].

A more robust set of data is instead available for T cells rec-
ognizing structural proteins, particularly the viral antigens
spike, membrane and nucleoprotein. These proteins represent
less than a third of the whole SARS-CoV-2 proteome [37, 38].
Even though they might not always contain the immunodomi-
nant epitope [30], they are immunogenic for both CD4 and CD8
T cells, and appear to elicit a strong T-cell response both in
symptomatic and asymptomatic individuals [15, 20, 21, 24, 31,
39]. There are, however, also criticisms of investigating T cells
utilizing only synthetic peptides. T cells activated by peptides
presented by antigen-presenting cells expressing high quantity
of MHC-class I or II molecules might just be ‘peptide specific’ or
low affinity T cells and not really able to recognize virus infected
targets. This might overestimate the number of T cells able to
recognize efficiently the virus-infected cells and this criticism
has been raised particularly for the significance of SARS-CoV-2
T cells present in healthy unexposed individuals [40].

KINETICS OF SARS-COV-2 T CELLS:
INDUCTION AND EXPANSION

Despite all the different caveats, the results produced by many
different groups are starting to define some clear pattern of in-
duction, expansion and contraction of the humoral and cellular
immune response during and following SARS-CoV-2 infection.

The kinetics profile of the antibody response after coronavi-
rus infection is well defined. Several studies have shown that
antibodies are detectable in the sera of the majority of SARS-
CoV-2-infected symptomatic individuals within 4-5 days after
the onset of symptoms with levels that rise for at least 2 weeks
and that are higher in cases with more severe disease [41-44].

The knowledge of virus-specific T-cell kinetics and its asso-
ciation with disease severity is instead still limited as fewer
works have examined the kinetics of SARS-CoV-2-specfic T cells
during the acute phase of infection.

We know that SARS-CoV-2 T cells are detected, like antibod-
ies [45], in almost the totality of infected individuals after recov-
ery. Virtually, all SARS-CoV-2-infected symptomatic individuals
positive for antibodies against Nucleoprotein (NP) or Spike pos-
sess a broad repertoire of T cells recognizing different structural
proteins of SARS-CoV-2 (i.e. NP, M, Spike, ORF3a) [15, 20, 21].

Importantly, there is however also a discordance between
virus-specific antibody levels and T-cell responses. For example,
in some individuals, particularly the ones with mild or asymp-
tomatic infection, SARS-CoV-2 multi-specific T cells are detect-
able despite the absence of a concomitant antibody response
[24, 31, 46]; furthermore, different levels of neutralizing antibod-
ies are detected in convalescent COVID-19 patients with similar
quantity of SARS-CoV-2 T cells [47].

Like antibodies, SARS-CoV-2 T cells are detected within a
week from onset of symptoms (likely ~7-10 days from infec-
tion—time of infection cannot be precisely determined in hu-
man). This has been clearly shown in symptomatic COVID-19
patients [20, 48] and such T cells can be detected remarkably
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early. For example, Schulien et al. [28] visualized SARS-CoV-2
CD8+ T cells directly with MHC-multimers at Day 1 after symp-
toms, and showed that these virus-specific CD8 T cells were al-
ready activated. In other studies, where T cells were detected
with functional assays (ELISpot for IFN-y producing T cells or
AIM), functionally responsive SARS-CoV-2 T cells were detected
at 3-5 days after onset of symptoms (Figure 1) [20, 48]. This ac-
celerated induction of SARS-CoV-2 T cells indicates that in
many infected individuals, a perfect rapid and coordinated acti-
vation of innate and adaptive immunity are occurring. Note
that, for example, infections with viruses, which evade or sup-
press innate immune recognition, like HBV or HCV, trigger an
induction of virus-specific T cells only after 4-6 weeks from in-
fection [49]. Indeed, the rapid expansion of the adaptive im-
mune response is a proxy for the efficiency of the innate
immunity triggering.

The early induction of virus-specific antibodies and T cells
after SARS-CoV-2 infections are however associated with differ-
ent outcome.

Although antibodies against Spike and NP can be detected
early in all the patients irrespective of clinical outcome, the
early detection (<10 days from symptoms onset) of SARS-CoV-2
T cells in COVID-19 patients is associated with milder disease
course and accelerated viral clearance [20, 48]. Delayed appear-
ance (>15 days from symptoms onset) and weak induction of
SARS-CoV-2 T cells were observed only in patients with severe
COVID-19 [15, 19, 47], further supporting the concept that SARS-
CoV-2 T cells are indispensable for viral control and that anti-
bodies alone cannot clear an established infection. In severe
COVID-19, the defective induction of a fully functional virus-
specific T-cell response is then associated with what has been
defined as ‘immunology misfiring’ [14]: robust and persistent
activity of different components of innate immunity with a lack
of a clear induction of a Th1-like immune response.

An open question about the SARS-CoV-2 T-cell kinetics is
whether a rapid virus-specific T-cell induction also occurs in
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Figure 1: Kinetics of SARS-CoV-2-specific T cell and antibody response in
COVID-19 patients with mild and severe disease.
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asymptomatic infection. The lack of symptoms conceals the
possibility to recruit asymptomatic individuals at the beginning
of infection and the lower level of SARS-CoV-2 antibodies
detected in these individuals [43] have suggested that virus-
specific B- and T-cell levels are directly proportional to symp-
tom levels. Initial data derived from asymptomatic SARS-CoV-2
exposed individuals’ months after recovery supported this in-
terpretation [21, 46]. However, a robust induction and function-
ally efficient SARS-CoV-2 T-cell response to levels even superior
to what is detectable in symptomatic COVID-19 patients have
been found in recently infected asymptomatic individuals [24,
31]. We think it is plausible to hypothesize that asymptomatic
infection is characterized by a very rapid and efficient induction
of a virus-specific cellular immune response.

One other question related to SARS-CoV-2 T-cell induction is
whether T cells specific for the different SARS-CoV-2 viral pro-
teins are induced with different kinetics and whether a prefer-
ential induction of a specific T-cell determinant is associated
with better or worse viral control. For antibody responses, pref-
erential induction of spike-specific antibodies is associated with
faster SARS-CoV-2 clearance and mild disease, while an aug-
mented anti-NP-specific antibody response is associated with
worse diseases outcome [50]. However, if such findings are
explained by the different protective efficiency of the antibodies
against NP or Spike, a hypothetical parallel for T cells cannot be
derived as we do not have any indications if T cells specific for
different proteins have distinct protective values.

At the moment, most of the data indicate that the first de-
tectable SARS-CoV-2-specific T-cell response is already multi-
specific, with T cells simultaneously recognizing different epito-
pes in different proteins already at early stages of infection [16,
20, 51]. However, in a small study of patients analyzed longitu-
dinally during the early phase of infection we noted a dynamic
modulation of the hierarchy of SARS-CoV-2-specific T cells. T
cells specific for ORF7 and ORF8 regions of SARS-CoV-2 were in-
duced early and were more robustly detected in the early
phases of infection than in convalescence [48]. These data need
to be confirmed in larger studies, but the possibility that some
viral antigens can be more efficient than the others in triggering
a specific T-cell response might occur and it is compatible with
different possibilities.

T cells specific for nonstructural proteins, like, for example,
ORF-1-coded proteins, might be induced earlier as a conse-
quence of the complex replication strategy of coronaviruses
that requires the formation of a viral replicase-transcriptase
complex essential for the subsequent transcription of the viral
genome [52]. The early produced nonstructural proteins might
trigger T cells ahead of T cells specific for structural viral pro-
teins. Indications that this might occur are starting to appear in
the literature, with demonstration of dominant epitopes
detected in the ORF-1 region [30]. One other possible explana-
tion for the differential kinetics of induction of T cells with dif-
ferent specificities can be derived from the pre-existence of
SARS-CoV-2 cross-reactive T cells prior to the infection induced
by other coronaviruses, vaccinations or other pathogens. As we
briefly mentioned earlier, the existence of T cells specific for
SARS-CoV-2 peptides in unexposed individuals has been
reported in multiple studies [15-18, 25] and their impact in the
protection and pathogenesis of SARS-CoV-2 infection is highly
controversial [40, 53, 54].

Nevertheless, the possibility that SARS-CoV-2 T cell in-
duction can be augmented by pre-existent memory T cells
induced by other coronaviruses has been recently reported
[55].

Furthermore, the first SARS-CoV-2 vaccines are designed to
induce spike-specific immunity only, as spike antibodies have
protective ability. Spike-specific T cells should theoretically
have identical protective values than the T cells specific for
other viral antigens. It will be however interesting to evaluate
the impact that changes in the T cell immunodominance in-
duced by vaccination will exert on the protective ability of the
multi-specific T-cell response induced physiologically by the
natural infection.

KINETICS OF SARS-COV-2 T CELLS:
CONTRACTION PHASE

After the expansion phase that usually lasts for 10-20 days after
symptom onset, T cells slowly decline but remain still detect-
able in the majority of individuals tested at least within 6-8
months after infection [31, 46, 55-59].

The kinetics of contraction of CD8 and CD4 T cells appears to
slightly differ; both SARS-CoV-2-specific CD4 and CD8 T cells
are present within the first 2 weeks after onset of symptoms,
but while CD8 T cells show signs of progressive reduction after
viral clearance (>1 month after infection) [20, 30], the SARS-
CoV-2 CD4 T-cell frequency is more stable and appears higher
in individuals tested in the initial recovery phase (1-2 months
after infection) than immediately after infection [20]. These dif-
ferential kinetics of expansion and contraction can explain the
preferential detection of CD4 helper T cells in studies that have
been investigated SARS-CoV-2 convalescent individuals [15, 17,
21, 55-59] and it mirrors the recent evidence of an identical per-
sistence and progressive increase of SARS-CoV-2-specific B cells
during the convalescent phase [57, 60]. The causes of such phe-
nomena have not been demonstrated, but a sound hypothesis
is that the viral antigens can persist as an antigenic depot in
dendritic cells within lymph nodes [60].

Indeed, initial reports detecting a decline of SARS-CoV-2
antibodies immediately after the acute phase of infection [41,
61] have suggested that SARS-CoV-2-specific T cells were able to
persist longer than the corresponding antibody response.
However, more extended cross-sectional data showed that the
virus-specific humoral and cellular immunity are, after an ini-
tial contraction phase [41, 48, 61], remarkably stable for at least
6-8 months after infection [31, 57, 58]. A recent cross-sectional
study of COVID-19 recovered individuals analyzed >6 months
after infection has calculated t1/2 of ~3.5 months for CD4
and CD8 T cells detected with activation induced markers [57].
One other study that analyzed T cells with ELISpots has shown
that 6 months after recovery, all COVID-19 convalescents
have detectable T cells at variable frequency with a mean of
250 spots x million cells for T cells specific for NP, membrane
and Spike [56].

One other unknown related to the contraction phase of
SARS-CoV-2 T cells is whether this is faster in SARS-CoV-2-
infected individuals in relation to the severity of disease. A re-
cent comparative analysis of the SARS-CoV-2-specific T cells in
asymptomatic versus symptomatic groups detected a very simi-
lar magnitude of SARS-CoV-2 T-cell responses within 1-3
months after infection [31]. However, a faster decline of the
SARS-CoV-2 T-cell quantities was observed in asymptomatic
individuals studied 6 months after infection compared with
symptomatic COVID-19 patients at the same timepoint [56].
More studies will be needed to define whether cellular immu-
nity decline is associated with the degree of symptom severity.



In conclusion, in these initial paragraphs, we summarized
most of the presently available data related to the kinetics of
appearance and disappearance of SARS-CoV-2 T cells.
Experimental evidence indicates that the kinetics of induction
of a multi-specific T-cell response is an important parameter of
antiviral efficacy and that such multi-specific T cells can persist
after viral clearance. Whether the quantity of T cells persisting
as memory cells months after recovery will be able to mediate
protection is still unknown as it is unknown whether those ki-
netic parameters of T cells are associated with age, sex and con-
comitant pathologies, variables that play important roles in the
severity of SARS-CoV-2 infection.

QUANTITY AND IMMUNODOMINANCE OF THE
SARS-COV-2 T CELL RESPONSE

What is the overall magnitude of virus-specific T cells present
in SARS-CoV-2-infected patients? The quantity of virus-specific
T cells in other viral diseases varies: some viruses (like HCMV,
EBV, HIV) elicit high quantities of T cells which can often reach
frequencies of 5-10% of total circulating T cells [32, 62, 63], while
other virus-specific T cells (HBV, HCV) are seldom detected in
blood at frequencies >0.1% [64]. These differences are not due
to a single cause, but the fact that different viruses target differ-
ent cell types and organs are the important factor. T cells are
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not evenly distributed among the body. As we have already
mentioned, T cells in SARS-CoV-2-infected individuals have
been so far analyzed only in peripheral blood but studies in ani-
mal models [2, 4] or other human respiratory diseases [26] show
that virus-specific T cells can be preferentially recruited in the
respiratory tract.

We try to summarize in Tables 1 and 2 the known frequen-
cies of total circulating SARS-CoV-2-specific T cells detected in
SARS-CoV-2-infected individuals published in different manu-
scripts. Note that all T-cell responses that have been so far
reported in SARS-CoV-2 infection are Th1/ThO-type and not
Th2-type. We also compared the frequency of Spike-specific T
cells induced by natural infection with the one induced by the
SARS-CoV-2 vaccines that have terminated Phase II clinical tri-
als at the time of writing and in which Spike-specific T cell
quantities were reported [65-72]. Frequency of T cells found
within 1-3 months from infection or 2-4 weeks after vaccination
is displayed (Tables 1 and 2).

Overall, the results so far accumulated show that SARS-CoV-
2 T-cell quantity is, like antibodies, highly heterogeneous
among different patients. On average T cells specific for the dif-
ferent structural proteins (NP, M and Spike) within 2-3 months
from COVID-19 recovery are present at 0.1-1% of total CD4 or
CD8 T cells with methods that detect T-cell AIM. ELISpot results
show quantities of ~100-1000 spots x million peripheral blood
mononuclear cells (PBMC) against different individual proteins.

Table 1: Summary of SARS-CoV-2-specific T-cell responses induced by natural infection

References Severity Disease state Sampling date Type of Specificity = Median SFU/mil
(post disease T-cell assay PBMCs
onset)
Sekine et al. [24] Mild Convalescent 1-3 months IFN-y ELISPOT S ~110
Mild Convalescent 1-3 months IFN-y ELISPOT S, M, N ~310
Severe Convalescent 1-3 months IFN-y ELISPOT S ~110
Severe Convalescent 1-3 months IFN-y ELISPOT S,M, N ~530
Peng et al. [21] Mild Convalescent 1-3 months IFN-y ELISPOT S ~250
Mild Convalescent 1-3 months IFN-y ELISPOT S, M, N ~500
Severe Convalescent 1-3 months IFN-y ELISPOT S ~500
Severe Convalescent 1-3 months IFN-y ELISPOT S,M,N ~1050
Le Bert et al. [31] 75% mild/25% Convalescent 1-3months IFN-y ELISPOT S ~80
severe
75% mild/25% Convalescent 1-3 months IFN-y ELISPOT S,M, N ~350
severe
75% mild/25% Asymptomatic NA IFN-y ELISPOT S ~60
severe
75% mild/25% Asymptomatic NA IFN-y ELISPOT S, M, N ~250
severe
References Severity Disease state Sampling date Type of Specificity Median Median
(post disease T-cell assay +/CD4 (%) +/CD8
onset)
Grifoni et al. [15] ALL Convalescent 1-3 months AIM S ~0.2 ~0.1
ALL Convalescent 1-3 months AIM S,M,N ~0.5 ~0.25
Rydyznski ALL Convalescent 1-3months AIM S ~0.3 ~0.03
Moderbacher et al. [20] ALL Convalescent 1-3 months AIM S,M,N ~0.65 ~0.1
ALL Acute <1 month AIM S ~0.08 ~0.02
ALL Acute <1month AIM S,M,N ~0.16 ~0.07
Weiskopf et al. [16] Severe Acute <1month AIM S ~0.6 ~1
Breton et al. [58] 80% mild/20% Convalescent 1-6 months IFN-y ICS S,M,N, ~0.25 ~0.1
severe ORF3a
Dan et al. [S7] 90% mild/10% Acute/ Up to AIM S,M, N, ~1.1-0.4 ~1-0.3
severe Convalescent 8 months ORF3a,
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Table 2: summary of SARS-CoV-2-specific T-cell response induced by different vaccines

Study Age group Type of T-cell assay When? Max achievable median
response (SFU per mil
PBMCs; SFU per mil CD4/
CD8 T cells; IFN-y pg/ml)
Pfizer—mRNA 18-55 IFN-y ELISPOT 7-day post boost/28-day post ~2000/2000
prime
18-55 IFN-y ELISPOT 28-days post vaccine/no boost ~50/50
Astrazeneca—Adenoviral 18-55 IFN-y ELISPOT 14-days post vaccine/no boost ~800
18-55 IFN-y ELISPOT 28-days post vaccine/no boost ~550
CanSino—Adenoviral 18-55 (10% >55) IFN-y ELISPOT 28-days post vaccine/no boost ~100
Gamaleya—Adenoviral 18-60 IFN-y secretion 28-days post vaccine/no boost ~30 pg/ml
Sinovac—Inactivated 18-59 IFN-y ELISPOT 14-days post boost/28-days post ~50
prime
Sinopharm—Inactivated 18-59; >60 (1:1) Not done NA NA
Study Age group Type of T-cell assay When? Max achievable median
response
(%IFN-y+ out of CD4/CD8
T cells)
Moderna—mRNA 18-55 IFN-y ICS 14-day post boost/42-day post <0.2/<0.1%
prime
>56 IFN-yICS 14-day post boost/42-day post ~0.3/<0.1%
prime
Janssen J&J—Adenoviral 18-55 IFN-y ICS 14-day post single dose ~0.1/0.09%
>65 IFN-yICS 14-day post single dose ~0.3/0.05%

The overall quantity does not differ between mild symptomatic
and asymptomatic SARS-CoV-2 T-exposed individuals, but the
functionality of SARS-CoV-2 T cells in asymptomatic seems su-
perior [31]. These data are also in accordance with results
obtained in patients with severe COVID-19 who display lower
quantities and lower functionality of SARS-CoV-2-specific T
cells than the patients with mild disease [20, 39].

The frequency of Spike-specific T cells induced by different
preparations of vaccines is also reported. The different vaccine
preparations, perhaps, with the exception of the inactivated
Sinovac vaccine [69], trigger variable quantities of Spike-specific
CD4 and CD8 T cells. Note, however, that a quantitative compar-
ison between Spike-specific T cells induced by natural infection
and vaccination is often incongruous as Spike-specific T cells
were measured latest at 28 days after vaccination [71].

It remains to be analyzed whether vaccinations can induce a
long-lasting memory T-cell response to levels similar to what
can be achieved by natural infection and whether the induced
Spike-specific T cells play a role in the vaccine efficacy.

There are two other important questions related to the mag-
nitude of SARS-CoV-2 T cells: one is its relation with antibody
responses and the other is related to the immunodominance of
different epitopes.

The relation between the magnitude of SARS-CoV-2 T cells
and antibodies is ‘intricate’. The quantity of neutralizing anti-
bodies and total SARS-CoV-2-specific CD4 and CD8 T cells corre-
lates in convalescent mild COVID-19 patients [20, 56]. Also, the
frequency of Spike-specific CD4+CXCR5+ (a phenotype marker
that defines circulating follicular helper T cells) was positively
correlated with high level of Spike antibody and neutralizing ac-
tivity [22], despite most of the T-cell response is targeting the
Spike protein outside the Receptor Binding Domain (RBD) region
[51]. However, neutralizing antibody levels were inversely corre-
lated with the quantity of Spike-specific CD4+ CCR6+ CXCR3™ T
cells able to produce IL-17 [21] and no correlations were also

detected between NP-specific T cell responses (Th1l-like) and
the magnitude and titers of neutralizing or NP-specific antibod-
ies [17].

Furthermore, even though a coordinated expansion of both
cellular and humoral arms of adaptive immunity is often found
in mild but not severe COVID-19 patients [20], a robust SARS-
CoV-2 T cell response in the absence of antibodies was found in
some patients with mild COVID-19 who successfully control the
infection [20, 24, 31, 46, 55]. Interestingly, the scientific literature
does not report any evidence of COVID-19 patients who con-
trolled the infection only by eliciting an antibody response in
the absence of detectable SARS-CoV-2 T cells [20, 48], while high
titers of antibodies (even neutralizing antibodies) are present in
severe disease [73].

The discrepancy between the presence of virus-specific T
cells and the absence of specific antibodies is detected also in
some asymptomatic cases [24, 31] and in other coronaviruses
infections like Middle East Respiratory Syndrome- Coronavirus
(MERS-CoV), in whom subjects who were likely in contact with
the viruses present MERS-CoV-specific T cells but no antibodies
[74, 75]. Similarly, SARS-CoV-specific T cells (CD4 and CD8 T
cells) can be detected at 11 and 17 years after SARS-CoV infec-
tion [17, 76] in the absence of detectable antibodies.

The cause of this detection discrepancy is still unknown.
Some individuals can mount initially exclusively a cellular or a
humoral response after exposure. Demonstration of extrafollic-
ular B-cell maturation particularly in severe COVID-19 patients
[77] might partially explain the presence of strong antibody
responses in the absence of T cells [78, 79] but the immunologi-
cal mechanisms that lead to the exclusive induction of cellular
immunity are not known. An alternative interpretation of these
results is that humoral and cellular responses might decay in
some people with different kinetics. The data collected within
the first 6 months after infection do not support such interpre-
tation since waning of antibody titres and T cells appear similar



[56], but it is still possible, as seen in SARS-CoV infection [80],
that at later time points the rate of reduction of antibodies and
T cells could diverge.

Quantitative features of the antiviral T-cell response are not
only related to the total numbers of SARS-CoV-2 T cells present
but also on their diversity. CD8 and CD4 T cells can recognize
different epitopes located in the same and/or different proteins.
The SARS-CoV-2 T cell response in COVID-19 recovered individ-
uals is highly multi-specific with T cells recognizing not only
multiple proteins [15, 21, 24], but also multiple regions within a
single protein [17, 27, 30, 51]. This diffuse repertoire of T cells
recognizing several epitopes displays a very heterogeneous T
cell receptor (TCR) repertoire with the presence of some public
TCR usage shared by some individuals [81].

Whether multi-specificity is the key of protection is still un-
certain. A correlation between multi-specificity and mild dis-
ease has been reported [27]. Hypothetically, the ability to mount
a broad T-cell response against several epitopes located in dif-
ferent viral proteins might be advantageous and might avoid
the selection of mutated viruses able to escape CD8 T-cell recog-
nition. In other viral infections (i.e. HBV), the multi-specificity of
the T-cell response appears to be an important determinant of
viral clearance [82]. Nevertheless, the data at the moment are
only showing associations and not causality. It might be possi-
ble that despite the broad T-cell multi-specificity observed in
SARS-CoV-2-recovered individuals, robust T cells specific for a
single or limited number of epitopes present in a single protein
can be equally protective. Detailed analysis of different epitopes
and their element of restrictions is starting to appear in the sci-
entific literature [27, 30, 51] and such information will be indis-
pensable to understand whether single T-cell determinants are
more or less important for viral clearance during natural infec-
tion. This information will have also to be translated into the
analysis of T cells induced by vaccines that, currently, include
only the single Spike protein or only its RBD region. Such vac-
cines can certainly not induce the broad T-cell repertoire as
seen by the natural infection, and this Spike-focused T-cell in-
duction might not be ideal. Nevertheless, the protective re-
sponse induced by a vaccine is likely to be mediated by the
ability to obtain a coordinated induction of both Spike-specific
antibodies and T cells. Note that a very efficacious prophylactic
vaccine, the one against HBV, also elicits a combined antibody
and T cell response focused only against the S antigen of the vi-
rus (the envelope protein of HBV) [83] despite HBV control after
natural infection is correlating with induction of a multi-
specific T-cell response [82]. The two viruses display different
viral replication kinetics (peak viral replication for SARS-CoV-2
within 1 to 2 weeks from infection [73], 4-6 weeks after infection
for HBV [49]), but this comparative hypothesis is in line with the
initial evidence of the protective efficacy of Spike-based vac-
cines recently reported.

CONCLUDING REMARKS

The SARS-CoV-2 pandemic has changed our life. It has not only
caused the loss of many people but it has also compromised
and changed social and economic habits. The response to this
crisis has also transformed the scientific world. The pace of new
scientific information related to SARS-CoV-2 has been growing
exponentially. Scientific hypotheses are confirmed or become
obsolete not after years, but after few months. When we ac-
cepted to write this review on virus-specific T cells in SARS-
CoV-2 infection, we did not fully realize that this time we were
asked to summarize a scientific argument that is far from being
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established but is in dynamic development. The risk to describe
phenomena that could soon be considered obsolete or insignifi-
cant is high. Nevertheless, we report here kinetics and quantita-
tive features of virus-specific T cells that in our opinion have
fundamental importance to define their role either in the pro-
tection or in the pathogenesis of the disease caused by SARS-
CoV-2. We think that the most of the data support a protective
role of the quantity and diversity of virus-specific T cells in
SARS-CoV-2 infection. T cells are indispensable in mouse mod-
els of coronavirus infection, are critical in protective studies in
rhesus monkeys and their early presence, functionality and
multi-specificity are correlated with protection and rapid viral
control in infected individuals. Nevertheless, more data are
needed to fully understand the role of virus-specific T cells in
different groups of patients with different disease severity, the
relation of SARS-CoV-2 T cell quantity and function with age,
sex and other pathologies affecting infected individuals, or the
role of T cells in protective vaccination and in the pathogenesis
of long-term COVID-19, in which a possible pathogenetic role of
T cells can certainly not be excluded.
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